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We show how models of elect roweak symmetry breaking based on strong dynamics lead to observ- 
able contributions to the Z-boson decay width to bb pairs even in the absence of any extended sector 
responsible for dynamical generation of the masses of the Standard Model matter fields. These con- 
tributions are due to composite vector mesons mixing with the Standard Model electroweak gauge 
fields. Since such vectors are generally present in any model of dynamical electroweak symmetry 
breaking, our results lead to new stringent constraints on models of this type. 

PACS numbers: 



The Standard Model (SM) of elementary particle in- 
teractions is believed to be an incomplete theory due to 
its inability to explain the origin of the observed mass 
patterns of the matter fields, the number of matter gen- 
erations and why there is excess of matter over antimat- 
ter. One possible paradigm beyond the Standard Model 
(BSM) is to apply strong coupling gauge theory dynam- 
ics. In Technicolor (TC) [1 , the electroweak symme- 
try breaking is due to the condensation of new matter 
fields, the technifermions. The vintage TC model based 
on the QCD-like gauge theory dynamics is incompatible 
with the electroweak precision data from the LEP ex- 
periments [2 , and most of the modern model building 
within the Technicolor paradigm concentrates on the so 
called walking Technicolor (WTC) |3j . Here the Tech- 
nicolor coupling constant evolves very slowly due to a 
nontrivial quasi stable infrared fixed point [4]. Models 
of WTC with minimal new particle content can be con- 
structed by considering technifermions to transform un- 
der higher representations of the TC gauge group [5]. 
Technicolor only explains the mass patterns in the gauge 
sector of the SM via strong dynamics at the electroweak 
scale Atc — 1 TeV. To explain various mass patterns of 
the known matter fields within a TC framework, further 
dynamical mechanism are needed; a well known example 
is the extended TC (ETC) [6 . An alternative to ETC, 
aimed to explain the large top quark mass and, in partic- 
ular, the top-bottom mass splitting is the topcolor model 
and topcolor assisted technicolor model (TC2) [7]. 

One of the main experimental constraints on TC/ETC, 
and also on TC2, arises from the Z boson decay rate 
to bb pairs, more precisely one considers R b = T(Z — >• 
bb)/T(Z — » had) [8, 9 . The importance of various con- 
tributions to this observable is determined by the relevant 
energy scale associated with different stages of the under- 
lying dynamics: The effects from ETC gauge bosons are 
suppressed by the ETC scale Aetc ^> Atc > and similarly 
for the effects of the extended gauge interactions due to 
the topcolor dynamics. However, the effects from extra 
goldstone bosons due to topcolor, so called top-pions, are 
governed by the electroweak scale rather than the top- 
color scale. It has been shown that their effect generally 



is a substantial reduction of R b relative to the SM pre- 
diction and hence this provides stringent constraints on 
topcolor dynamics [9]. 

In this letter we point out an important refinement to 
this analysis. Namely, any TC model is already sensitive 
and subject for similar constraints without any extension 
towards the matter sectors of SM. This is so, since any TC 
model features composite vector and axial vector states 
in the spectrum which will mix with the SM gauge fields. 
We will explicate this issue within a generic low energy 
effective theory corresponding to the symmetry breaking 
pattern SU(2) L xSU(2) i? ^SU(2) y . 

The experimental value of R b [10] is 
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0.21629 ±0.00066. 
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It is convenient to divide R b = R^ M 



t 6 AR b , where # 6 SM 
is predicted by the electroweak fit as [TP] 



dSM 



0.21578 



+0.00005 
-0.00008 ' 



(2) 



The quantity AR b then encapsulates the contribution 
from the new physics (NP), and is represented as 
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The experimental data constrains its value as 

AR b = 0.00051 ± 0.00066 . (4) 

Eq.(p| is derived straightforwardly from [IT] and g\ R is 
the SM tree level value given by 
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The NP contribution [5g b LR ] is 
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Given the model Lagrangian, one can therefore evaluate 
the tree level and one loop contributions and obtain a 
constraint on the model. The one loop contributions in 
are obtained by calculating the Feynman di- 
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agrams in Fig|l] As a low energy effective Lagrangian, 
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FIG. 1: The 1-loop Feynman diagrams for 5g L R in the Feyn- 
man gauge. The wave lines in the loops correspond to vector 
fields, while the dashed lines in the loops correspond to the 
would-be Golstone bosons. Only the top quark runs in the 
fermion loops. 



we use a Lagrangian based on the generalized hidden 
local symmety (GHLS) [12]. This means that we con- 
sider the full symmetry group to be G g i Q x G\ oc1 where 
G glo = SU(2) L x SU(2) R and G loc = SU{2) L x SU(2) R . 
The G g i x G\oc breaks to the diagonal [SU(2)v] g \o- 
This symmetry breaking pattern features nine Nambu- 
Goldstone bosons (NGBs), which are the basic dynam- 
ical objects of the mode, and which we denote as 7r a , 
7Ty and it\ where a = 1,2,3. The electroweak gauge 
group is embedded into the global symmetry G g \ Q in the 
usual manner, and its breaking leads to the masses of 
the electroweak gauge bosons via absorption of the would 
be NGBs rc a . Furthermore, the vector and axial- vector 
mesons, V£ and A a ^ are included as dynamical gauge 
bosons of the hidden symmetry G\ oc , and their masses 
arise via absorption of six would-be NGBs, iTy and tt\. 

In Technicolor there is no direct coupling between the 
SM matter field and Technicolored matter or gauge fields. 
To understand how new physics contributions to the di- 
agrams in Fig. [l] nevertheless arise, is simple: First, the 
only NGB field which can couple to the SM fermions is 
7r, i.e. the field absorbed by the EW gauge bosons. This 
results in the following Yukawa coupling: 
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where ip = (t,b) T is SU(2) doublet and ^l/r —> 
9l/r^l/r under G g \ Q . In this paper we consider only 
the third family quarks, and we set the (3, 3)-component 
of the CKM matrix ^ M equal to one. The contribution 
from £^ff can be removed by translating to the unitary 
gauge; for the numerical calculation we adapt the Feyn- 
man gauge. 

Second, the SM fermions do not couple with the vector 
mesons V, A in the gauge eigenbasis: 
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where and are SM gauge bosons in the gauge 

eigenbasis. The bare couplings in Eq.(|8| are defined so 
that eo = gg' I \J g 2 + g' 2 corresponds to the bare electric 
charge. 

However, the propagating physical mass eigenstates, 
B^, and Z M for the vectors will be mixtures con- 
sisting of the states W^, B^, V^, A^. Similarly, the states 
7r,7ry,7TA will mix to provide for the propagating would- 
be NGB states. Due to these features, the interactions 
in Eqs. ([7]) and ([8| are essentially different from the SM 
case. Consequentially, also the bare quantities arising in 
Q are rescaled when we translate from gauge basis to 
the mass eigenbasis. 

The detailed construction of the GHLS Lagrangian will 
be presented in detail in [15]. Here we will only describe 
some generic features of the analysis and present the nu- 
merical results. 

The GHLS Lagrangian, free of any matter fields, Co, 
is given by 



(9) 



where a, 6, c and d are dimensionless coefficients. The 
part £kin contains the usual kinetic terms for the elec- 
troweak gauge fields W£ and and for the (composite) 
vector and axial- vector fields Vff and A?.. We follow the 
analysis and notation of [12]. The coefficients a, 6, c and 
d introduced above are unknown parameters which will 
be traded for dimensionfull parameters fy and j\ 
related to the NGB fields and a dimensionless parameter 
X- Hence, together with g, the self coupling of the vector 
and axial- vector fields, there are five parameters defin- 
ing the model. Since the overall scale will be fixed with 
the electroweak scale, v = 246 GeV, and the first Wein- 
berg sum rule provides a nontrivial constraint among the 
decay constants, the number of free parameters will be 
reduced to three, which we will choose as g, Ma and x- 
Following [12] , and expanding in the field fluctuations, 
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leads to a decomposition of £q into 

C = £ ( - 2 \{n},{V})+C^({n},{V}) 



(10) 



where {tt},{V} denote collectively {tt^ttv^a} and 
{Wfj,, B^, Vfj,, respectively. The terms £W i n Eq.(10) 
each contain only terms with i fields, i.e. are the 

quadratic terms, trilinear terms, etc. 
The full Lagrangian is given by 
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where C^ n and C mass are the kinetic term and mass terms 
for would-be NGBs, vector bosons and quarks. The parts 
£>Y>Jf an d £gff contains interactions of the SM fermions. 
From the quadratic part we solve for the mass eigen- 
states, and the interactions arising from the trilinear part 
and from fermion interaction terms are then written in 
terms of the propagating mass eigenstates. 

The electric charge eigenstates are defined in the usual 
manner: e.g. W ± = (W*=F W 2 )/^/2 and similarly for the 
other V, A states. After diagonalization of the mass ma- 
trices we find that the eigenvalues for the charged bosons 
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4 + 0(4) 



M v± = ~g 2 fl 



M 2 A± = ffl 



1 + ^4 + 0(4) 
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For the neutral bosons we have Mg = (massless pho- 
ton) and 
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In the above equations g is the self-coupling of the 
vector and axial vector fields and we have expanded in 
eo = g/g. Since g is a strong coupling of 0(1 ... 10) this 
is a small number. As we already mentioned, there are 
altogether five parameters in the effective Lagrangian, 
g, f-Ki fvi Ia and x • These can be reduced down 
to three independent parameters as follows. First, to 
relate with existing literature, we note that x m our 
model, is the same x which appears in [13] and cor- 
responds to 1 — x m [HI- Next, in accordance with 
[13], note that the physical electroweak gauge couplings 
are given by (^w)" 1 = (g 2 )' 1 [l + (1 + X 2 )4/ 2 } and 
= G/ 2 ) -1 [l + (l + X 2 )^/2] and the Wein- 
berg angle as tan# = to = ^w/^ew- Note that eo = g/g 



is equal to e = #ew/# up to 0(e 4 ) corrections, and it is 
convenient to expand in e instead of eo- The Weinberg 
sum rule is a statement relating the physical decay con- 
stants, F 2 = Fy — F\. The decay constants Fy,A are 
defined by the residue at the pole of the two point vector 
and axial- vector current correlators. The decay constant 
of the physical techni-pion, F n , is defined as 
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and numerically F% = l/(2y/2G F ) ~ (174 GeV) 2 , for 
G F = 1.16637 x 10" 5 GeV" 2 [16 . Up to C(e 4 ), we have 
Fl = fl and also Fy = / 2 and F 2 = X 2 fl- Therefore, 
up to C(e 4 ), the first Weinberg sum rule is represented 
as 



(15) 



fy = F 2 +X 2 /1, 



and we use this relation to express M v ± in Eq.([12j as 
a function of g ,F v ,f A - In addition, \ is related to the 
oblique S parameter via 
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8tt(1 - x 2 ) 
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From the viewpoint of the effective model, S is a param- 
eter whose value depends on the dynamics of the under- 
lying strong dynamics. We do not wish to commit to 
any particular underlying theory sharing the same global 
symmetry breaking pattern as our effective model, and 
consider S as a free parameter with g and Ma- 

We now proceed to evaluate the contribution to AR^ 
and return to consider Eq.Q. At the tree level we have 
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+ X 2 )/(4cg)e 2 ,up 
(13) to 0(e A ). For the numerical computation of AR^ we use 
the FeynRules [17] and FeynArts/FormC ale /Loop Tool 
[T8] to implement the interactions from the effective La- 
grangian Eq.(ll). The calculation is performed in the 



Feynman gauge 

First, we consider our model at the limit e — >> with- 
out the Weinberg sum rule. In this limit the model 
corresponds to SM, and we obtain following values for 



Re [^i]^° P = 0.00579, 



Re[^]^° P = 0, (18) 



for or x {Mz) = 128.9, G F = 1.16637 x 10" 5 GeV" 2 and 
m t = 172.9 GeV [16 where a is the fine structure con- 
stant at the Z-pole. This result is consistent with the one 
loop results in e.g. [19], if we account for the change in 
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the value of m t . Then, we obtain the NP contribution to 
ARb numerically for the present model, Eq.( pT]). These 
numerical results for AR^ are shown in Figs. [2] and [3] 
The constraints from Eq.(16) and the first Weinberg sum 



rule, Eq.(15), are taken into account. 
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FIG. 2: AR b as a function of M A . The left panel is for S = 
with g = 6, 12, 20 and the right panel is for S = 0.3 with 
g — 4, 6, 7. The shaded regions are la (thinner horizontal 
band), and 3a (thicker horizontal band) allowed regions from 
the constraint in Eq.Q. 
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FIG. 3: The constraint on Rb in the (Ma, ,#)-plane for S = 
(left panel) and S — 0.3 (right panel). The thinner (thicker) 
shaded region corresponds to the la (3a) allowed region. The 
upper shaded region in the right panel shows the consistency 
of the model. 



In Figj2j we show AR^ as a function of Ma for several 
values of g with S = (left panel) and S = 0.3 (right 
panel). In Figj3j we show the R^ constraint on (Ma,#)~ 
plane corresponding again to S = and 0.3. From Figj3] 
we observe that the region allowed by the constraint is 
limited to a very narrow area on the (M^,^)-plane even 
if the flavor sector is introduced in the most minimal 
way. The upper shaded region in the right panel in Figj3] 
corresponds to the bound x 2 < which implies that g < 



8tt/S from Eq.(16). In this region the theory itself loses 
consistency. 

Under the present 3<r constraints for R^, the axial vec- 
tor meson with Ma — 600 GeV for g ~ 7 and S = 0.3 
may be discovered at the LHC with 100 fb _1 at 13TeV 
via the pp —> A ± — >> Iv process if the leptons also couple 
to the GHLS sector as Eqs.([8| [20]. 

We have studied a generic effective Lagrangian for 
dynamical electroweak symmetry breaking and demon- 
strated that the R^ constraints are important even in 
the absence of extended dynamics required in this type 



of models for the generation of SM fermion masses. The 
global symmetry of our Lagrangian was taken to be 
SU(2) L x SU(2)fl spontaneously breaking to SU(2)y. A 
possible underlying model which would realize our results 
are Technicolor with SU(3) gauge group and two sextet 
fermions.; this theory has naive perturbative S parameter 
equal to 0.3. Our results show that large Ma is compat- 
ible with data only if S is sufficiently large, which will 
increase the tension with respect to the precision elec- 
troweak data. Moreover, since simple strong dynamics 
we have considered here, is likely in need to be enlarged 
to accommodate dynamical mechanisms for fermion mass 
generation, the constraints are likely to be even tighter: 
such new sources typically yield further negative contri- 
butions to i?5, and this may lead to further suppression 
of phenomenologically viable values of Ma- 
Out study was carried out for the GHLS type non- 
linear sigma model Lagrangian with a minimal coupling 
to SM flavors. Therefore, our results can be directly ap- 
plied to several models sharing the same global symmetry 
at low energies. 
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